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(57) ABSTRACT 

A measurement system for an aircraft having the three-axis 
components of the airspeed of the aircraft, the three-axis 
components of the Wind speed currently encountered by the 
aircraft, and the Wind speed distribution ahead of the aircraft 
simultaneously in real time. It comprises a Doppler anemom 
eter measuring the air?oW speeds at a plurality of points 
separated by a prescribed distance in the beam irradiation 
direction that changes in a time series, and an inertial data 
measurement device measuring the movement information 
and positional information of the aircraft. Moreover, the dis 
play system of the aircraft includes the horizontal tWo-axis 
airspeed of the aircraft, the three-axis components of the Wind 
speed currently encountered by the aircraft, and information 
on the Wind speed distribution ahead of the aircraft are dis 
played simultaneously in real time. 

12 Claims, 4 Drawing Sheets 

THREE-AXIS COMPONENT OF WIND SPED 

WIND WIND SPEED COMPONENT m BEAM 
60deg IRRADIATIUN DIRECTION 

(l-IORIZONTAL PLANE) 

KEY TO COLOR 
DISPLAY OF M 

sPEED 

A SPEED LIMITS 

50 
160 ’° 

15m 

DISTANCE FROM 
AIRCRAFT WIND sPEED COMPONENT [N BEAM IRRADIATION DlRECTlUN 

(VERTICAL PLANE) 



US 7,561,067 B2 
Page 2 

4,735,503 
4,761,650 
5,063,777 
5,091,871 
5,208,587 
5,214,596 
5,546,799 
5,648,604 
5,657,009 
5,715,163 
5,926,401 

US. PATENT DOCUMENTS 

* 8/1988 Masuda et al. * 11/1991 Arethens et al. 

* 2/ 1992 Arethens ..... .. 

* 5/1993 Cornman * 5/1993 Muller * 8/1996 Parker * 7/ 1997 Morbieu .. 

* 8/1997 Gordon .... .. 

* 2/1998 Bang et al. 
* 7/1999 Montag et al. 

4/1988 Werner et al. ............ .. 

6,405,107 B1 * 6/2002 
6,751,532 B2 * 6/2004 
6,970,107 B2 * 11/2005 
6,985,091 B2 * 1/2006 
7,292,178 B1 * 11/2007 

Derman ....................... .. 701/3 

Inokuchi .. 701/14 

Gannett .................... .. 340/967 

Price ........................ .. 340/975 

Woodell et al. ......... .. 342/26 B 

OTHER PUBLICATIONS 

Jean-Pierre Cariou et a1., “All-?ber 1.5 pm CW coherent laser 
anemometer DALHEC Helicopter ?ight test analysis”, 13”‘ Coherent 
Laser Radar Conference, pp. 157-160. 

* cited by examiner 



US. Patent Jul. 14, 2009 Sheet 1 of4 US 7,561,067 B2 

Fig. I AUTOMATIC 
CONTROL DEVICE, 

ETC. 

r ----------- --MEASUREMENT SYSTEM ----- 
" 

'IIEIIIIEMEIIA IIIIIIIE DEVICE GROUNDSP'EED .DISPLAY SYSTEM. 
: DATA I IMAGE I EAIRSPEED. __ I E PROCESSING :WIND SPEEDF INFORMATION : 

5 a 

; INFORMAI | ON: GENERATION UNIT 
DOPPLER WIND SPEED “N'T 

COMPONENT l N BEAM 
ANEMOMETER IRRAD 1 AT T on 

DIRECTION 

IMAGE INFORMATION 

DISPLAY UNIT 

\\ 
M MEASUREMENT POINTS IN EACH 
BEAM IRRADIATION DIRECTION 

L WIND CALCULATION 
SECTIONS AHEAD 

OF AIRCRAFT 

ANGLE INDICATING BEAM 
IRRADIATION DIRECTION 



US. Patent Jul. 14, 2009 Sheet 2 of4 US 7,561,067 B2 

THREE-AXIS COMPONENT OF WIND SPED 
F i g. 3 

_2o -10 0 TD 20 

WIND 2T0 MIND SPEED COMPONENT IN BEAM 
GOdeg IRRADIATIUN DIRECTION 

£- 220 (HORIZONTAL PLANE) 
2 

/ 132 160 
KEY T0 COLOR 

DISPLAY OF III W 

W 
60 

A SPEED LIMITS 

160 
AS 13kt 

DISTANCE FRDM 
AIRCRAFT MIND SPEED COMPONENT IN BEAM IRRADIATION DIRECTION 

(mTTIcAL PLANE) 

F I g. 4 
LIDAR ANEMOMETER 

LASER OPTICS 
SYSTEM 

I 

RS232C 

OPTICAL FIBER \ 

% DATA PROCESSING 
UNIT AND DISPLAY 

SYSTEM 
INERTIAL DATA 

MEASUREMENT DEVICE 



US. Patent Jul. 14, 2009 Sheet 3 of4 US 7,561,067 B2 

Fig.6 

DISPLAY 
> SHOWN IN 

FIG.3 



US. Patent Jul. 14, 2009 Sheet 4 of4 US 7,561,067 B2 

F i g- 7 - - REFERENCE 
METHOD ACCORDING TO 

15 - _ THE PRESENT INVENTION 

PRIOR ART METHOD 

FORE/AFT SPEED 
0 so 160 150 260 250 300 

I 
J 

p 
q . 4' 

-10 g ” EEET/RTGHT SPEED 
0 so 100 150 260 250 300 

VERTICAL SPEED ‘ 

0 so 160 150 260 250 300 

NOSE HEAD l NG 

0 50 100 150 260 250 am 
Elapsed Time [sec] 



US 7,56l,067 B2 
1 

AIRSPEED / WIND SPEED MEASUREMENT 
DEVICE FOR AIRCRAFT, AND DISPLAY 

DEVICE FOR SAME 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to a system Which prevents an 

aircraft, such as a helicopter, from traveling at a speed exceed 
ing a limit (and in particular, a lateral speed in the rightward 
or leftWard directions, or a rearWard speed), as Well as assist 
ing in ?ying the helicopter so as to avoid areas of strong Wind 
turbulence, by simultaneously measuring the three-axis com 
ponents of the airspeed of the aircraft, and the three-axis 
components of the Wind speed ahead of the aircraft, and 
displaying or presenting this information to the pilot or the 
automatic control system controlling the aircraft. 

2. Description of the Related Art 
In many cases, When a helicopter is stationary in the air 

(hovering), then although it has a capability for traveling 
sideWays or rearWards, restrictions are placed on the speed of 
this travel (lateral speed in left or rightWard direction, rear 
Ward speed) due to the ?ight characteristics. HoWever, a con 
ventional type of airspeed sensor, based on a Pitot tube system 
(pressure measurement sensor), is not capable of measuring 
lateral speed or rearWard speed, and therefore, although the 
pilot can judge the speed of the aircraft on the basis of the 
relative movement of the ground terrain, and the handling 
characteristics of the aircraft, it is di?icult to judge the speed 
in this Way in bad Weather conditions, or at night time, When 
the terrain is di?icult to see, or When the aircraft is over the 
sea, Where there are feW objects that serve as indicators. 
Hence, there is a danger of going beyond the speed restric 
tions. Moreover, a helicopter may encounter air disturbances 
relating to the local topography, for instance, When used to 
transport goods or perform rescue tasks in mountainous areas, 
or When landing at or taking off from heliports on high-rise 
buildings, and in such cases, the capability to present infor 
mation on the Wind speed in front of the helicopter, to the 
pilot, in advance, Would contribute toWards increasing safety 
and improving the probability of completing tasks success 
fully. In vieW of these points, there is a need for a system 
Which is capable of measuring the three-axis airspeed includ 
ing the lateral speed and the rearWard speed components, in a 
helicopter, and measuring the Wind speed information in front 
of the helicopter. Furthermore, it is also necessary to display 
information relating to the measured airspeed and Wind 
speed, to the pilot, in a readily comprehensible fashion. 
One knoWn method for measuring the speed of movement 

of the atmosphere (Wind speed) at a remote point, is a Doppler 
anemometer. A Doppler anemometer is a device Which irra 
diates a beam of radio Waves, light Waves (laser) or acoustic 
Waves, into the atmosphere, and determines the remote Wind 
speed from the Doppler shift in the resulting scattered Wave. 
HoWever, the Wind speed Which can be measured by this 
device is limited to a one-axis component in the direction of 
irradiation of the beam. Depending on the type of beam 
irradiated, Doppler anemometers are classi?ed as radar 
anemometers (Which irradiate radio Waves), lidar anemom 
eters (Which irradiate laser light), and sodar anemometers 
(Which irradiate sound Waves). 

In recent years, systems have been manufactured for 
obtaining Wind speed information in front of the aircraft, or 
the airspeed of the aircraft, by mounting a lidar anemometer 
in an aircraft. The present applicants have also discovered a 
system of this kind, and have acquired patent rights for same 
in Japan and the USA. The invention relating to a “Wind 
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2 
Turbulence Prediction System” in the US. Pat. No. 6,751,532 
has the object of providing a Wind turbulence prediction sys 
tem Which is capable of measuring the three-dimensional 
Wind turbulence and con?rming in advance Whether or not an 
issued Warning is reliable, and in order to achieve this system, 
a lidar anemometer is mounted in the aircraft, a laser beam is 
irradiated While being scanned in a conical shape, and the 
scattered light scattered by the regions of Wind turbulence 
ahead of the aircraft in ?ight is received, thereby achieving a 
method Which measures the speed of the remote three-dimen 
sional air ?oW. Furthermore, in order to account for the effects 
of vertical Winds and fore and aft Winds on the aircraft, the 
measured three-dimensional air ?oW information is con 
verted into vertical Wind only, and displayed in a simpli?ed, 
tWo-dimensional fashion, in such a manner that the Wind 
turbulence is represented separately in terms of the strength of 
the turbulence and the average Wind speed. HoWever, the 
system for measuring the three-axis components of the Wind 
speed ahead of the aircraft by means of a lidar anemometer of 
this kind does not consider the use of information on the 
airspeed of the aircraft. Moreover, there is no compensation 
for the movement of the aircraft during laser beam scanning, 
and hence there is a problem in that the error becomes large 
When the aircraft is moving in an unsteady fashion, or moving 
at high-speed. In addition, the display of the obtained Wind 
speed information is restricted to a display of the Wind con 
ditions ahead of the aircraft, With respect to a passenger 
aircraft Which does not vary ?ight path largely. HoWever, in 
the case of a helicopter, there may be large vertical or lateral 
changes in the ?ight path When traveling at loW speed, and 
therefore, the Wind speed information in the vertical and 
lateral directions is also required, in addition to information 
on the Wind speed in the forWard direction of the aircraft. 

Furthermore, at the “30th European Rotorcraft Forum” 
held in Marseilles, France on September 2004, the presenta 
tion given by “Thales Avionics” and “ONERA” on “Al .5 pm 
LIDAR demonstrator of loW airspeed measurement for civil 
helicopter” related to a system for measuring the three-axis 
components of the airspeed of the helicopter by means of a 
lidar anemometer, Whereby the three-axis components of the 
airspeed is acquired by irradiating and scanning a laser beam 
in a conical fashion. HoWever, it does not provide compensa 
tion for the movement of the aircraft during scanning, and 
therefore has large error When the aircraft is performing 
unsteady movements or traveling at high speed. Moreover, 
the laser beam is irradiated in an upWard lateral direction from 
the aircraft, and there is a problem in that the Wind speed 
ahead of the aircraft cannot be measured. 

These systems are restricted to measurement of the Wind 
speed ahead of the aircraft, and measurement of the airspeed 
of the aircraft, respectively, and no mention is made of acquir 
ing and displaying these tWo information elements simulta 
neously. Furthermore, no compensation is provided in respect 
of the movement of the aircraft during the travel of the beam 
of the lidar anemometer, and the error becomes large When 
the aircraft performs unsteady movement or travels at high 
speed. 

SUMMARY OF THE INVENTION 

The object of the present invention is to resolve these 
problems, by providing a system for an aircraft, such as a 
helicopter, capable of measuring the three-axis Wind speed, 
including the lateral speed and rearWard speed of the aircraft, 
and measuring the Wind speed distribution information ahead 
of the aircraft, and furthermore, by providing a display system 
Which displays the measured airspeed and Wind speed infor 
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mation to the pilot, in a readily comprehensible fashion. 
Moreover, a compensation function for the movement of the 
aircraft during the travel of the beam of the Doppler anemom 
eter is also provided, and therefore, highly accurate measure 
ment is achieved. 

In the measurement system for an aircraft according to the 
present invention, the three-axis components of the airspeed 
of the aircraft, the three-axis components of the Wind speed 
currently encountered by the aircraft, and the Wind speed 
distribution ahead of the aircraft, are measured simulta 
neously, by providing a Doppler anemometer Which mea 
sures the air?oW speeds at a plurality of points separated by a 
prescribed distance in the beam irradiation direction, and an 
inertial data measurement device Which measures the move 
ment information and positional information of the aircraft. 

Furthermore, in the measurement system for an aircraft 
according to the present invention, the measurement accuracy 
of the device is improved by providing means for obtaining 
information relating to the attitude angles, the attitude angular 
velocities, and the ground speed of the aircraft during mea 
surement, from the inertial data measurement device, and for 
correcting the measurement values from the Doppler 
anemometer by means of the information. 

Moreover, in the measurement system for an aircraft 
according to the present invention, the measurement accuracy 
of the device is improved by providing means for obtaining 
positional information of the aircraft during measurement 
from the inertial data measurement device, and for correcting 
the measurement values from the Doppler anemometer by 
means of the information. 

Furthermore, in the display system for an aircraft accord 
ing to the present invention, the tWo-axis airspeed of the 
aircraft in a horizontal plane, the three-axis components of the 
Wind speed currently encountered by the aircraft, and infor 
mation on the Wind speed distribution ahead of the aircraft, as 
obtained from the measurement system for an aircraft accord 
ing to the present invention, are displayed simultaneously in 
real time. 

Moreover, in the display system for an aircraft according to 
the present invention, the tWo-axis airspeed of the aircraft in 
a horizontal plane is displayed in the form of bars, Which 
respectively indicate a fore/ aft direction speed component 
and a left/right direction speed component, on tWo-dimen 
sional coordinates in Which the vertical axis represents the 
speed in the fore/aft direction and the horizontal axis repre 
sents the speed in the left/right direction, and furthermore, a 
speed restriction area is displayed as a rectangle on the tWo 
dimensional coordinates. 

Furthermore, in the display system for an aircraft accord 
ing to the present invention, the three-axis components of the 
Wind speed currently encountered by the aircraft are dis 
played by representing the Wind speed information in the 
horizontal plane by numerical values as Well as by the direc 
tion and thickness of an arroW, in terms of the Wind direction 
and Wind speed, and by representing the vertical Wind speed 
information by numerical values as Well as by a rectangular 
bar graph, in terms of the orientation in the vertical direction 
and the Wind speed. 

Moreover, in the display system for an aircraft according to 
the present invention, the Wind speed distribution in the 
region ahead of the aircraft nose in Which the beam is irradi 
ated is displayed in a fan shape, separately for a horizontal 
plane and a vertical plane. Furthermore, the information on 
the Wind speed distribution ahead of the aircraft is displayed 
by varying the color of the display continuously in accor 
dance With the Wind speed, using a blue color for a head Wind 
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4 
component With respect to the aircraft, a green color for a 
Windless state, and a red color for a tail Wind component. 

Since the measurement system of the aircraft according to 
the present invention comprises a Doppler anemometer 
Which measures the air?oW speeds at a plurality of points 
separated by a prescribed distance in the beam irradiation 
direction, and an inertial data measurement device Which 
measures the movement information and positional informa 
tion of the aircraft, and the beam irradiation direction of the 
Doppler anemometer is changed in a time series, then it is 
possible to measure a plurality of directional components of 
the Wind speed at a plurality of points, from the vicinity of the 
aircraft toWards a remote direction, ahead of the aircraft, in a 
short time period, and by carrying out geometrical conversion 
processing on the Wind speed component information thus 
obtained, it is possible to measure the three-axis components 
of the airspeed of the aircraft, the three-axis components of 
the Wind speed currently encountered by the aircraft, and the 
Wind speed distribution ahead of the aircraft, simultaneously. 

Moreover, since the measurement system for an aircraft 
according to the present invention comprises means for 
obtaining information relating to the attitude angles, the atti 
tude angular velocities, and the ground speed of the aircraft 
during measurement, from the inertial data measurement 
device, and for correcting the measurement values from the 
Doppler anemometer by means of the information, then it is 
possible to correct error, even if cases Where the aircraft 
performs unsteady movements, and it is also possible to 
improve the measurement accuracy of the device. 

Furthermore, since the measurement system for an aircraft 
according to the present invention comprises means for 
obtaining positional information of the aircraft during mea 
surement from the inertial data measurement device, and for 
correcting the measurement values from the Doppler 
anemometer by means of the information, it is possible to 
correct error, even in cases Where the aircraft is moving at 
high speed, and hence the measurement accuracy of the 
device can be improved. 

Moreover, since the display system for an aircraft accord 
ing to the present invention displays the tWo-axis airspeed of 
the aircraft in a horizontal plane, the three-axis components of 
the Wind speed currently encountered by the aircraft, and 
information on the Wind speed distribution ahead of the air 
craft, as measured by a Doppler anemometer, simultaneously 
in real time, then the measurement information can be recog 
nized readily by the pilot, thus making a contribution to 
improvement in safety and task completion rates. 

Furthermore, since the display system for an aircraft 
according to the present invention displays the tWo-axis air 
speed of the aircraft in a horizontal plane in the form of bars, 
Which respectively indicate the fore/ aft direction speed com 
ponent and the left/right direction speed component, on tWo 
dimensional coordinates in Which the vertical axis represents 
the speed in the fore/aft direction and the horizontal axis 
represents the speed in the left/right direction, then the current 
airspeed can be seen by the pilot at a glance, and furthermore, 
since a speed restriction area is displayed as a rectangle on the 
tWo -dimensional coordinates, then it is possible to prevent the 
aircraft from traveling at a speed exceeding these restrictions 
(in particular, in the lateral speed and rearWard speed), thus 
making a contribution to improvement in safety and task 
completion rates. 

Moreover, since the display system for an aircraft accord 
ing to the present invention displays the three-axis compo 
nents of the Wind speed currently encountered by the aircraft 
by representing the Wind speed information in the horizontal 
plane by numerical values as Well as by the direction and 
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thickness of an arrow, in terms of the Wind direction and Wind 
speed, and by representing the vertical Wind speed informa 
tion by numerical values as Well as by a rectangular bar graph, 
in terms of the orientation in the vertical direction and the 
Wind speed, then it is possible for the pilot readily to recog 
niZe the three-dimensional state of the Wind currently 
encountered by the aircraft, thus assisting the pilot in per 
forming suitable ?ight controls against Wind turbulence, and 
hence contributing to improvement in safety and task comple 
tion rates. 

Furthermore, since the display system for an aircraft 
according to the present invention displays the information on 
the Wind speed distribution in the region ahead of the aircraft 
nose in Which the beam is irradiated, by varying the color of 
the display continuously in accordance With the Wind speed, 
using a blue color for a head Wind component With respect to 
the aircraft, a green color for a Windless state, and a red color 
for a tail Wind component, and since it displays the Wind 
speed distribution in the region ahead of the aircraft in a fan 
shape, separately for a horiZontal plane and a vertical plane, 
then the state of the Wind speed distribution ahead of the 
aircraft can be recognized readily, thus assisting the pilot in 
?ying so as to avoid areas of strong Wind turbulence, and 
hence contributing to improvement in safety and task comple 
tion rates. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram shoWing the basic composition of 
an airspeed and Wind speed measurement and display system 
for an aircraft according to the present invention; 

FIG. 2 is a diagram showing a conceptual vieW of beam 
scanning of a Doppler anemometer for an aircraft according 
to the present invention; 

FIG. 3 is a diagram shoWing a display format of an airspeed 
and Wind speed display system according to the present 
invention; 

FIG. 4 is a diagram illustrating the composition of an 
embodiment of the present invention; 

FIG. 5 is a diagram illustrating a mode of the installation of 
a Doppler anemometer in a test helicopter, according to an 
embodiment of the present invention; 

FIG. 6 is a diagram illustrating a mode of the installation of 
a display system in a test helicopter according to a further 
embodiment of the present invention; and 

FIG. 7 is a graph shoWing the results of experimentation 
performed by installing an embodiment of the present inven 
tion in a test helicopter. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

The object of the present invention is to provide a system 
for an aircraft, such as a helicopter, capable of measuring the 
three-axis airspeed including the lateral speed and rearWard 
speed, and measuring the Wind speed information ahead of 
the aircraft, as Well as providing a display system Which 
displays the measured airspeed and Wind speed information 
to the pilot, in a readily comprehensible fashion, and achiev 
ing highly accurate measurement by providing a compensa 
tion function for the movement of the aircraft during travel of 
the beam of the Doppler anemometer. As shoWn in FIG. 1, the 
basic composition for achieving this comprises a Doppler 
anemometer capable of measuring the component of the air 
?oW speed in the beam irradiation direction, at a plurality of 
points mutually separated by a prescribed distance, an inertial 
data measurement device Which measures the movement 
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6 
information and positional information of the aircraft, a data 
processing unit for calculating the airspeed of the aircraft and 
the Wind speed ahead of the aircraft, and a display system 
Which displays the measurement results. Moreover, in order 
to correct the error caused by unsteady movement or high 
speed travel of the aircraft itself, means is provided for obtain 
ing the movement and positional information of the aircraft 
during measurement such as the attitude angles, the attitude 
angular velocities, and the speed and position relative to the 
ground, from the inertial data measurement device, and using 
this information to correct the measurement value of the 
Doppler anemometer. 
The Doppler anemometer according to the present inven 

tion, Which performs measurement of the three-axis compo 
nents of the airspeed of the aircraft and the Wind speed ahead 
of the aircraft, simultaneously, must have characteristics 
Which alloW it to be ?tted to the aircraft, and to measure the air 
?oW speed at a plurality of points in front of the aircraft, from 
several ten meters to approximately one kilo meters. A radar 
anemometer, a lidar anemometer and a sodar anemometer 
may be considered as a Doppler anemometer, but beloW, an 
example is described in Which a lidar anemometer, Which has 
the greatest possibility of meeting the required characteris 
tics, is used. The lidar anemometer is mounted on the aircraft, 
and by scanning a laser beam in the form of a conical plane in 
the forWard direction from the aircraft, as shoWn in FIG. 2, 
then the three-axis component of the airspeed of the aircraft 
and the Wind speed ahead of the aircraft can be measured 
simultaneously. This capacity for simultaneous measurement 
by the lidar anemometer only relates to the component in the 
beam irradiation direction (one axis) of the airspeed of the 
moving body, and therefore, in order to measure the three 
axis airspeed of the moving body, the beam irradiation direc 
tion is changed in at least three different directions. In order to 
avoid the disturbance caused to the air?oW by the aircraft 
itself, three-axis components for the airspeed of the aircraft 
and the Wind speed currently encountered by the aircraft are 
calculated by using data from a measurement point several 
ten meters in front of the aircraft, assuming that there is no 
change in the Wind speed betWeen a measurement point sev 
eral ten meters in front of the aircraft, and a point located on 
the aircraft. The Wind speed ahead of the aircraft is acquired 
as a series of Wind speed data at a plurality of measurement 
points from several ten meters to one kilo meters ahead in the 
beam irradiation direction, thereby making it possible to 
determine the spatial change of the Wind speed (Wind shear). 
The airspeed information and the Wind speed information 
thus obtained are displayed to the pilot in the format described 
beloW, or the like. Furthermore, in an aircraft having an auto 
matic control system, the information thus obtained is pro 
vided to the automatic control system by means of a suitable 
data link, and the airspeed and Wind speed information can be 
used to control the aircraft. 

In order to compensate for the movement of the aircraft 
during the scanning of the beam of the Doppler anemometer, 
in the present invention, the movement and positional infor 
mation of the aircraft from the inertial data measurement 
device are used. When a Doppler anemometer is provided in 
an aircraft (moving body), it measures the sum of the speed of 
movement of the actual air?oW (Wind speed), plus the ground 
speed of movement of the moving body, in other Words, the 
airspeed of movement of the moving body With respect to the 
atmosphere at the measurement point. In a conventional 
method, the airspeed is calculated on the assumption that the 
ground speed of the moving body does not change during 
beam scanning, and therefore, if the moving body performs 
unsteady movements and its ground speed changes during 
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beam scanning, then there Will be a large error in the airspeed 
measurement. Furthermore, in a conventional method, the 
airspeed is calculated on the assumption that the Wind speed 
is constant Within the beam scanning space, but When the 
moving body is moving at high speed, there is a large change 
in the position of the moving body during beam scanning, and 
the scanning space becomes large, thus increasing the possi 
bility of a change in the Wind speed Within the scanning space, 
Which is a potential cause of measurement error. 

In the present invention, the movement of the aircraft dur 
ing beam scanning is detected by using information relating 
to the attitude of the moving body, and the ground speed and 
ground position, as measured by the inertial measurement 
device, and error caused by this movement is corrected, 
thereby improving the measurement accuracy of the Wind 
speed and the airspeed of the moving body. In a conventional 
method, the three-axis components of the airspeed are calcu 
lated from the air?oW speed components in a plurality of 
beam irradiation directions, by means of a minimum-square 
method, or the like, based on the assumption that the airspeed 
of the moving body during beam scanning, and the Wind 
speed Within the scanning space, are constant. The Wind 
speed is calculated by subtracting the calculated airspeed 
from the ground speed of the moving body. By contrast, in the 
present invention, by compensating for the movement of the 
moving body during beam scanning, the three-axis compo 
nents of the Wind speed are calculated directly. In other 
Words, the component of the ground speed of the moving 
body in the beam irradiation direction is calculated from the 
information on the attitude of the moving body and the 
ground speed, and the component of the Wind speed in the 
beam irradiation direction is calculated by subtracting the 
air?oW speed, Which is the measurement value from the Dop 
pler anemometer, from this ground speed component of the 
moving body. Furthermore, even if the moving body happens 
to be moving at high speed, the position of the measurement 
point is calculated by taking account of the change in the 
position of the moving body, in such a manner that the scan 
ning space does not become large, and hence only informa 
tion relating to measurement points Within a range Where 
uniform Wind speed can be assumed are used. By means of 
these compensational processes, a state is achieved Which is 
similar to that of measuring Wind With a ?xed Doppler 
anemometer on the ground, and the three-axis components of 
the Wind speed can be calculated by a minimum-square 
method, or the like, based on the assumption that the Wind 
speed Within the scanning space is uniform. The airspeed is 
calculated by subtracting the calculated Wind speed from the 
ground speed. By compensating for the movement of the 
moving body, causes of error, such as unsteady movement of 
the moving body, or change in the position of the moving 
body during beam scanning, can be removed, and improved 
accuracy can be anticipated. 

This method is not restricted to use With an aircraft and a 

lidar anemometer, and it can also be applied generally to 
measurement of the three-axis components of the airspeed of 
the moving body, by means of a Doppler anemometer Which 
is only capable of measuring one axial component of the 
airspeed. 

The attitude of the aircraft in the three axes (pitch, roll and 
yaW), and the three-axis components of the attitude angular 
velocity and the ground speed, are measured by means of the 
inertial data measurement device. Inertial data measurement 
devices are already used in practice, but due to their high 
price, they are not Widely adopted in small aircraft, such as 
helicopters. HoWever, in recent years, less expensive devices 
destined for small aircraft, Which are based on micro electro 
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8 
mechanical systems (MEMS) technology, have been offered 
and have entered practical use. Furthermore, the position of 
aircraft can be measured to a high degree of accuracy by 
means of a GPS receiver. There are a large number of inex 
pensive GPS receiver devices on offer, Which are designed for 
use in small aircraft. 

In the data processing unit, the three-axis components of 
the airspeed of the aircraft, the Wind currently encountered by 
the aircraft, and the Wind speed ahead of the aircraft, are 
calculated from the measurement data from the Doppler 
anemometer and the inertial data measurement device. The 
three-axis components of the Wind speed ahead of the aircraft 
are calculated for respective sections derived by dividing the 
distance direction in front of the aircraft into L sections (see 
FIG. 2). The distance from the aircraft to the respective cal 
culation sections is expressed as RNGi. A more concrete 
description of the calculation procedure is given beloW. 

(A) De?nition of Su?ixes 
Since a plurality of air?oW speed data (here, M sets of data) 

are obtained at intervals of several tens of meters in one beam 
irradiation direction, in the Doppler anemometer used in the 
present invention, then the data is differentiated by means of 
the suf?x j. In other Words, data having the same value of j is 
data that has been measured in the same uniform measure 
ment range. Furthermore, in calculating the three-axis com 
ponents, since data is required in at least three or more beam 
irradiation directions, it is supposed here that data in N irra 
diation directions is used, and this data is differentiated by 
means of the su?ix k. In other Words, data having the same 
value of k is data that has been measured in the same beam 
irradiation direction (see FIG. 2). 

(B) Calculation of Measurement Position 
The measurement positions xjk, yjk and Zjk of the air?oW 

speed data vjk measured by the Doppler anemometer are given 
by Formula (1) beloW, in terms of an aircraft body-?xed 
coordinates system Which takes the current position of the 
aircraft as the point of origin. The second term “E((I>,®,\P) 
rk'qed” in Formula (1) is a term Which compensates for the 
movement of the aircraft during beam scanning. When the 
ground speed of movement of the moving body is sloW, the 
positional information for the moving body is ignored, by 
omitting this term, thus decreasing the calculational process 
ing load. 

(Formula I) 

xjk cosak (1) 

yjk : rngj sin?k sinak + E(<I>, (9, ‘miffed, 

Zjk — cos?k sinak 

Here, mg is the measurement range of the Doppler 
anemometer, (Xk and [3k are angles indicating the beam irra 
diation direction expressed in terms of a coordinates system 
?xed at the Doppler anemometer, (I), G) and IP are the current 
attitude angles of the aircraft, and rnedk is the position of the 
aircraft When irradiating a beam in the kth direction (a relative 
position With respect to the current position, being an output 
based on a NED (north-east-doWn) coordinates system). The 
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element, rnedk, is calculated by Formula (2), from the aircraft 
position measured by the inertial data measurement device 
(output based on WGS-84 coordinates system). 

(Formula 2) 

cosr] 

Here, 11 and 7» indicate the current aircraft position (latitude 
and longitude outputs based on WGS-84 coordinates system), 
rwgs indicates the current aircraft position (perpendicular 
coordinates output based on WGS-84 coordinates system), 
and rwgsk indicates the position of the aircraft When irradiating 
a beam in the kth direction (perpendicular coordinates output 
based on WGS-84 coordinates system). 

(C) Calculation of Wind Speed 
The space in Which a uniform Wind can be assumed is 

de?ned With respect to the sections for Which the Wind speed 
is calculated, and only those measurement points Which are 
contained in this space are used for calculating the Wind 
speed. For example, if it is assumed that the Wind is constant 
Within a spherical space having a radius of Ri centered on 
each section, then the conditions for selecting the measure 
ment points are expressed by Formula (3). Here, desirably, the 
value of R1. is approximately equal to or less than the length of 
the Wind speed calculation section, in other Words, the inter 
val RNGi. BeloW, the combined su?ixes j, k of the measure 
ment points selected in each section are shoWn as jk(i). 

(Formula 3) 

By applying a minimum-square method as de?ned in For 
mula (4), to the air?oW speed data vjk measured by the Dop 
pler anemometer, the three-axis components of the Wind 
speed in an earth-?xed coordinates system, namely, Wxi, Wyl 
and WZi, are calculated for each of the respective Wind speed 
calculation sections. 

(Formula 4) 

Here, the terms, 6k, and 11) k in Formula (4) are angles that 
indicate the beam irradiation direction as expressed in an 
earth-?xed coordinates system, and they are derived from 
Formula (5), on the basis of the angles (Xk and [3k indicating the 
beam irradiation direction expressed in a coordinates system 
?xed at the Doppler anemometer, the attitude angles of the 
aircraft, (Dk, @k and 1Pk, and the installation angles (DR, @R and 
1PR, of the lidar anemometer. 

Furthermore, the term VgLOSXOk in Formula (4) is the 
beam irradiation direction component of the ground speed of 
the aircraft at the installation position of the lidar anemom 
eter. Assuming that the aircraft is a rigid body, then this term 
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10 
can be derived by Formula (6), on the basis of the three-axis 
components of the ground speed of the aircraft at the instal 
lation position of the inertial data measurement device, 
VgBxmk, VgBymk, VgBZmk, the three-axis components of the 
attitude angular velocity Pk, Qk, Rk, and the three-axis com 
ponents of the positional vector from the installation position 
of the inertial data measurement device to the installation 
position of the lidar anemometer, rx, ry, rZ. These variables 
are all expressed in aircraft body-?xed coordinates system. 

The Wind currently encountered by the aircraft is expressed 
by Wxl, Wy 1, W2 1, for iIl, Which is the Wind speed calcula 
tion section that is nearest to the aircraft. 

(D) Calculation of Airspeed of Aircraft 
The three-axis components of the airspeed of the aircraft at 

the installation position of the inertial data measurement 
device, VaBxmk, VaBymk, VaBZmk, expressed in aircraft body 
?xed coordinates system, are derived by Formula (7), by 
using Wxl, Wyl and W21. 

The airspeed and Wind speed information calculated by the 
aforementioned procedures is sent to a display unit by means 
of a suitable data link device. Furthermore, in an aircraft 
having an automatic control system, the airspeed and Wind 
speed information is sent to the automatic control system, 
Where it can be used to control the aircraft. 
As Well as performing highly accurate measurement, 

another important element of the present invention is to dis 
play the information in a format that is easy for the pilot to 
recogniZe. In the display system, the airspeed and Wind speed 
information calculated by the data processing unit is 
acquired, image information is generated in accordance With 
the display format, and this image is displayed to the pilot. 
FIG. 3 shoWs an example of a display format. A display 
section forming an airspeed meter is situated in a bottom right 
position, a display section for the three-axis components of 
the Wind speed currently encountered by the aircraft is situ 
ated in a top left position, and a display of the Wind speed 
distribution ahead of the aircraft is situated in a central posi 
tion. 
The airspeed meter displays bars Which respectively indi 

cate the speed component in the fore/aft direction and the 
speed component in the left/right direction, on a tWo-dimen 
sional coordinates system in Which the vertical axis repre 
sents the speed in fore/aft direction, and the horizontal axis 
represents the speed in left/right direction. At the same time, 
on the background of the tWo-dimensional ordinates system, 
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the speed limits for the lateral speed and the rearward speed 
are indicated by a red rectangular shape, in order to attract the 
attention of the pilot. 

The three-axis components of the Wind speed currently 
encountered by the aircraft are displayed separately as a Wind 
speed in the horizontal plane and a Wind speed in the vertical 
direction. The information on the Wind speed in the horizontal 
plane is represented by numerical values as Well by the direc 
tion and thickness of an arroW, in terms of the Wind direction 
and the Wind speed. The information on the vertical Wind 
speed is represented by numerical values as Well as a rectan 
gular bar graph, in terms of the orientation in the vertical 
direction and the Wind speed. In this Way, the three-axis 
components of the Wind speed are displayed. 

The Wind speed distribution ahead of the aircraft displays 
only the Wind speed component in the beam irradiation direc 
tion, in other Words, approximately the direction in Which the 
nose of the aircraft is pointing (the item “VgLOSx°k—v]-k” in 
Formula (4)), in separate fan shapes relating to the horiZontal 
plane and the vertical plane. The Wind speed is shoWn by 
varying the colors of the measurement points distributed 
Within the fan shape. A blue color is used to indicate a head 
Wind component With respect to the aircraft, a green color, to 
indicate a Windless state, and a red color, to indicate a tail 
Wind component, and hence the colors are changed continu 
ously in accordance With the Wind speed. In general, a head 
Wind increases the airspeed of the aircraft, and therefore it is 
displayed in blue since it has the effect of increasing the lift 
that raises the aircraft, Whereas a tail Wind reduces the air 
speed, and therefore it is displayed in red since it has the effect 
of reducing the lift, and hence caution is required. The three 
axis Wind components is not displayed because they may 
include the errors Which arise due to failure to collect enough 
measurement points Within a space Where a uniform Wind can 
be assumed, at the Wind calculation sections far from the 
aircraft, since as the measurement points are farther from the 
aircraft, the beam scanning space becomes larger. 

First Embodiment 

FIG. 4 shoWs an example of a trial manufacture of the 
present device. In order to facilitate the installation of the lidar 
anemometer on the aircraft, the laser optics system Which 
needs to be ?tted outside the aircraft is formed as a separate 
unit, and this optics system is connected to the main body of 
the anemometer by means of optical ?bers. The inertial data 
measurement device comprises a three-axis gyro and accel 
erometer, and it is capable of measuring the attitude angles, 
attitude angular velocities and ground speed, Which are 
required in order to compensate for the movement of the 
aircraft. The algorithms of the data processing unit and the 
image information generating unit are installed in a notebook 
computer. HoWever, since the present embodiment relates to 
a helicopter Which has a sloW speed of movement, then the 
information on the position of the aircraft is not used in the 
compensation procedure (namely, the element “E((I>,®,\P) 
rnedk” in Formula (1) is set to Zero). The measurement data 
from the lidar anemometer and the inertial data measurement 
device is sent to the notebook computer via an RS232C con 
nection, and Ethernet, respectively. This device Was installed 
in a test helicopterbelonging to the present applicants, and the 
accuracy of the airspeed and Wind speed calculations per 
formed by the device Were evaluated, as Well as pilot-testing 
the display format, in an actual ?ight situation. As shoWn in 
FIG. 5, the laser optics system of the lidar anemometer Was 
installed on the loWer surface of the nose of the aircraft, and 
the main body of the anemometer Was installed inside the 
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cabin. During operation of the device, laser light Was scanned 
in a conical shape in a forWard direction from the helicopter, 
as shoWn in FIG. 2. The inertial data measurement device and 
the notebook computer Were installed inside the cabin. The 
display unit used an experimental display located on the 
instrumental panel in a cockpit, as shoWn in FIG. 6, and 
displayed image information in the display format shoWn in 
FIG. 3. 

FIG. 7 shoWs an example of the calculation of airspeed 
When the helicopter is traveling forWards or rearWards. The 
uppermost graph shoWs the fore/ aft speed, the second graph 
shoWs the lateral speed, the third graph shoWs the vertical 
speed, and the bottommost graph shoWs the orientation of the 
aircraft nose. In the graphs, a broken line indicates a reference 
airspeed (calculated from the airspeed of the helicopter and 
the Wind speed measured by a ground-based anemometer), a 
dotted line indicates the airspeed as calculated by means of a 
conventional method, and a solid line indicates the airspeed as 
calculated by means of the method provided by the present 
invention. Whereas the conventional method is not able to 
folloW the movements of the helicopter, in the case of the 
method provided by the present invention, the airspeed is 
calculated correctly, thus demonstrating the outstanding char 
acteristics of the present invention in compensating for the 
movement of the aircraft during beam scanning. Further 
more, in the pilot-testing of the display format, the effective 
ness of the tWo or three-axis component display of airspeed 
and Wind speed Was con?rmed by comments from the pilot, 
such as “I can see the state of the Wind during hovering, so that 
improves safety”, or “It even shoWs the airspeed When trav 
eling at loW speeds Where the airspeed could not be measured 
in the past, and this makes it much easier to stay Within the 
speed restrictions”. 
With regard to the industrial usability of the present inven 

tion, it can be seen that the present device is highly practical 
in the case of emergency rescue helicopters Where all-Weather 
?ight capability is a key requirement, and that it can contrib 
ute toWards improving safety, and rescue task completion 
rates. For example, When carrying out a rescue task in a 
mountainous area subject to strong Winds, the Wind condi 
tions at the rescue point can be con?rmed by means of the 
present device, areas having Weaker turbulence can be iden 
ti?ed, and a ?ight course to the rescue point can be chosen 
accordingly. Furthermore, When hovering in a stationary 
fashion over the rescue point, by-means of the present device, 
it is possible to con?rm that the helicopter is not exceeding the 
lateral speed or fore/aft speed restrictions (during stationary 
hovering, the lateral speed is equivalent to the lateral Wind 
speed, and the rearWard speed is equivalent to the tail Wind 
speed), and if necessary, safety can be ensured by taking 
countermeasures, such as changing the orientation of the 
aircraft nose to the WindWard direction. Furthermore, if 
progress is made in reducing the siZe and Weight of the device, 
and loWering costs, then it is envisaged that the present device 
could contribute to improving safety and transportation per 
formance, by being ?tted in small aircraft and helicopters 
Which perform commuter services. In particular, the present 
device can be regarded as valuable When applied to transpor 
tation services betWeen remote islands or offshore oil rigs, 
Where Wind conditions can be especially severe. 

What is claimed is: 

1. A measurement system for an aircraft, comprising: 
a Doppler anemometer for simultaneously measuring air 
?oW speeds in plural points of a beam irradiation direc 
tion at the same time; 
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an inertial data measurement device Which measures the 
movement information and positional information of the 
aircraft, and 

said Doppler anemometer provides means to measure the 
three-axis components of the airspeed of the aircraft, the 
three-axis components of the Wind speed currently 
encountered by the aircraft, and the Wind speed distri 
bution ahead of the aircraft at the same time, by changing 
the beam irradiation direction of the Doppler anemom 
eter in a time series, 

Wherein the measurement accuracy of the device is 
improved by providing means for obtaining information 
relating to the attitude angles, the attitude angular 
velocities, and the ground speed of the aircraft during 
measurement, from the inertial data measurement 
device, and for correcting the measurement values from 
the Doppler anemometer With said information. 

2. The measurement system for an aircraft according to 
claim 1, Wherein the measurement accuracy of the device is 
improved, by providing means for obtaining positional infor 
mation of the aircraft during measurement from the inertial 
data measurement device, and for correcting the measure 
ment values from the Doppler anemometer With said infor 
mation. 

3. A display system for an aircraft, Wherein the tWo-axis 
airspeed of the aircraft in a horizontal plane, the three-axis 
components of the Wind speed currently encountered by the 
aircraft, and information on the Wind speed distribution ahead 
of the aircraft, as obtained from the measurement system for 
an aircraft according to claim 2 are displayed simultaneously 
in real time. 

4. The display system for an aircraft according to claim 3, 
Wherein the tWo-axis airspeed of the aircraft in a horizontal 
plane is displayed in the form of bars, Which respectively 
indicate a fore/ aft direction speed component and a left/right 
direction speed component, on tWo-dimensional coordinates 
in Which the vertical axis represents the speed in the fore/ aft 
direction and the horizontal axis represents the speed in the 
left/right direction, and furthermore, a speed restriction area 
is displayed as a rectangle on the tWo-dimensional coordi 
nates. 

5. The display system for an aircraft according to claim 3, 
Wherein the three-axis components of the Wind speed cur 
rently encountered by the aircraft are displayed by represent 
ing the Wind speed information in the horizontal plane by 
numerical values as Well as by the direction and thickness of 
an arroW, in terms of the Wind direction and Wind speed, and 
by representing the vertical Wind speed information by 
numerical values as Well as by a rectangular bar graph, in 
terms of the orientation in the vertical direction and the Wind 
speed. 
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6. The display system for an aircraft according to claim 3, 

Wherein the Wind speed distribution in the region ahead of the 
aircraft nose in Which the beam is irradiated is displayed in a 
fan shape, separately for a horizontal plane and a vertical 
plane. 

7. The display system for an aircraft according to claim 6, 
Wherein the information on the Wind speed distribution ahead 
of the aircraft is displayed by varying the color of the display 
continuously in accordance With the Wind speed, using a blue 
color for a head Wind component With respect to the aircraft, 
a green color for a Windless state, and a red color for a tail 
Wind component. 

8. A display system for an aircraft, Wherein the tWo-axis 
airspeed of the aircraft in a horizontal plane, the three-axis 
components of the Wind speed currently encountered by the 
aircraft, and information on the Wind speed distribution ahead 
of the aircraft, as obtained from the measurement system for 
an aircraft according to claim 1 are displayed simultaneously 
in real time. 

9. The display system for an aircraft according to claim 8, 
Wherein the tWo-axis airspeed of the aircraft in a horizontal 
plane is displayed in the form of bars, Which respectively 
indicate a fore/aft direction speed component and a left/right 
direction speed component, on tWo -dimensional coordinates 
in Which the vertical axis represents the speed in the fore/ aft 
direction and the horizontal axis represents the speed in the 
left/right direction, and furthermore, a speed restriction area 
is displayed as a rectangle on the tWo-dimensional coordi 
nates. 

10. The display system for an aircraft according to claim 8, 
Wherein the three-axis components of the Wind speed cur 
rently encountered by the aircraft are displayed by represent 
ing the Wind speed information in the horizontal plane by 
numerical values as Well as by the direction and thickness of 
an arroW, in terms of the Wind direction and Wind speed, and 
by representing the vertical Wind speed information by 
numerical values as Well as by a rectangular bar graph, in 
terms of the orientation in the vertical direction and the Wind 
speed. 

11. The display system for an aircraft according to claim 8, 
Wherein the Wind speed distribution in the region ahead of the 
aircraft nose in Which the beam is irradiated is displayed in a 
fan shape, separately for a horizontal plane and a vertical 
plane. 

12. The display system for an aircraft according to claim 
11, Wherein the information on the Wind speed distribution 
ahead of the aircraft is displayed by varying the color of the 
display continuously in accordance With the Wind speed, 
using a blue color for a head Wind component With respect to 
the aircraft, a green color for a Windless state, and a red color 
for a tail Wind component. 

* * * * * 


